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ABSTRACT

Due to limited scaling of supply voltage, power density is ex-
pected to grow in future technology nodes. This increasing
power density limits the number of simultaneously switch-
ing transistors for future chips, leaving others inactive, a
phenomenon referred to as “dark silicon”. This project in-
vestigates the idea of improving throughput with higher uti-
lization of die area by exploiting near-threshold voltage op-
eration instead of dark silicon. To test the hypothesis, an
analytical model is developed to quantify the performance
of systems with near-threshold cores. Results confirm im-
provements in both throughput and utilization of the chip.
However, these improvements are getting less and less re-
garding the impact of process variations.

1. INTRODUCTION

Due to limited scaling of supply voltage, conventional multi-
core scaling is getting more and more challenging these days.
This scaling trend in turn is due to constraints on thresh-
old voltage. Threshold voltage scales down more slowly in
current and future technology nodes to keep leakage power
under control. In order to achieve fast switching speed, it is
generally necessary to keep transistors operating at a consid-
erably higher voltage than their threshold voltage. There-
fore, the dwindling scaling on threshold voltage leads to a
slower pace of supply voltage scaling. Since the switching
power of a single transistor changes quadratically to the
supply voltage, the scaling of the switching power would
violates Dennard Scaling in future technology nodes. On
the other hand, design constraints, such as cooling cost and
on-chip power delivery limitations, hinder further increase
in the thermal design power (TDP) of a chip. As Moore’s
Law continues to double transistor density across technology
nodes, the total power consumption will soon exceed TDP,
with all available transistors actively switching at their nom-
inal speed. As a result, future chips would only support a
small fraction of transistors, leaving others inactive, a phe-
nomenon referred to as “dark silicon” in [13].

This project investigates the idea of improving through-
put with higher utilization of die area by exploiting near-
threshold voltage operation instead of dark silicon. By low-
ering voltage, the dynamic power of a single transistor is
reduced dramatically. In consequence, more cores can be ac-
tivated at the same time, and the chip utilization is improved
as well. More parallelism has the potential to compensate
for frequency loss by near-threshold operation. Since oper-
ations of a single core are slower than its nominal speed,
a system composed by those cores is called “dim silicon.”
In this project, we hypothesize that near-threshold voltage
operation improves the performance for throughput comput-
ing over conventional super-threshold system organizations,
which suffer from “dark silicon” in near-future technology
nodes. To test the hypothesis, an analytical model is de-
veloped to quantify the performance of the proposed orga-
nization. It extends Amdahl’s Law with frequency/voltage
scaling in the near-threshold region. Results confirm im-
provements in both throughput and utilization of the chip.

The following paper is organized as follows: the second sec-
tion describes the background and related works, the third
section dives into more details about analytical model and
evaluation methodology, the fourth section presents various
architectural analyses and results, and the final section sum-
marizes the work.

2. RELATED WORK
2.1 Scaling Trends

The power issue in future technology scaling has been rec-
ognized as one of the most important design constraints by
architecture designers [13, 9]. Esmaeilzadeh et al. did a
comprehensive design space exploration on future technol-
ogy scaling with an analytical performance model [5]. While
primarily focusing on single-core performance, they did not
consider lowering supply voltage to have dim silicon on a
chip. Without such consideration, they claimed future chips
would inevitably suffer from a large portion of dark silicon
at deeply scaled technology nodes. In [1], Borkar and Chien
suggested the approach of near-threshold computing by ag-
gressive supply-voltage scaling, and indicated its potential
benefits for aggregate throughput improvement. In con-
trast, our proposed project studies near-threshold comput-
ing quantitatively in more detail with the help of an analyt-
ical model. In [6], Huang et al. have done a design space ex-
ploration on future technology nodes with analytical models.
They recommended dim silicon and briefly mentioned the
possibility of near-threshold operation. They also explored



relaxing constraints for area and TDP along with novel cool-
ing solutions to maintain ideal 2X throughput growth. Al-
though using similar methodology and scaling trends, our
proposed project evaluates in detail the potential benefit of
improving aggregate throughput by near-threshold comput-
ing.

2.2 Near-Threshold Operation

Near-threshold computing(NTC) operates circuits at a lower
voltage close to their threshold voltage. It provides the
benefit of low dynamic power consumption and higher en-
ergy efficiency, as shown in [4]. However, there are a cou-
ple of issues associated with NTC. Firstly, the switching
speed of a transistor slows down due to small over-drive
voltage (supply voltage minus threshold voltage). Secondly,
a single transistor is more sensitive to threshold variation
when supply voltage is getting close to its threshold, lead-
ing to a significant increase in performance variation. Fi-
nally, variations in process, temperature and voltage makes
the functionality of circuits more vulnerable, especially for
SRAM. In addition to pointing out those issues, Dreslinsk
et al. had surveyed and summarized various techniques to
accommodate those issues in [4]. They had also suggested
NTC integration in ultra energy-efficient servers with high
throughput. Our project studies NTC in detail with quanti-
tative results to show the NTC effectiveness in high through-
put computing. Even suffering from those drawbacks, near-
threshold computing shows a potential to deliver high per-
formance with throughput computing. In [7], Krimer et al.
had demonstrated a near-threshold stream processor with
SIMD architecture for energy-constrained throughput com-
puting. Instead of energy-constrained throughput, our pro-
posed project focuses on power-constrained throughput. We
do not target at one specific system architecter, but more
generally, our proposed project studies near-threshold com-
puting more broadly with various types of system architec-
tures in different technology nodes. It quantifies the poten-
tial of near-threshold computing as well as its limitations in
context of power-constrained scaling.

3. CIRCUIT SIMULATION

In order to get more accurate scaling relationship between
supply voltage and frequency, a bunch of circuit simulations
are employed in this project. Two circuits are simulated, a
single inverter and a ripple carry adder. Their schematics
are shown in Figure 1. The width of the adder is varied from
4bits up to 32bits, stepping by the power of 2. All circuits
are simulated with Spectre driven by Ocean scripts.

4. METHODOLOGY

We use aggregate throughput under TDP constraints as the
primary performance metric. Instead of running extensive
architectural simulation, we propose analytical models based
on Amdahl’s Law and use them to evaluate system perfor-
mance with various organizations. Systems are modeled as
symmetric multi-core organizations composed by either sim-
pler in-order cores or more complex out-of-order cores. Two
core designs at 45nm are picked up from McPAT[8] as base-
line cores, a Niagara2-like in-order core (I0) and a Penryn-
like out-of-order core (O3). The characteristics of a single
core are obtained from McPAT and summarized in Table 1.

Frequency =~ Dynamic Leakage Area
(GH=z) Power (W) Power (W) (mm?)

10 4.20 6.14 1.06 7.65
03 3.70 19.83 5.34 26.48

Table 1: Baseline cores at 45nm with high perfor-
mance process.

Systems are studied across technology nodes ranging from
45nm down through 16nm. For process related scalings, a
modified version of Predictive Technology Model (PTM)]3]
is used, which provides a more realistic perspective on orig-
inal PTM release [10]. For each technology node, there are
two process variants as a high performance High-K metal
gate silicon process and a low power process, respectively.
The nominal supply voltages and threshold voltages are char-
acterized in Table 2

45nm  32nm  22nm 16nm

High Viow (V) 1.0 0.9 0.8 0.7
Perf. Vi (mV) 42425 466 508.16 504.9

Low  Viem (V) 1.1 1.0 095 09
Power V, (mV) 622.61 647  707.3 710.32

Table 2: Nominal supply voltage and threshold volt-
age for each PTM technology library

The model proposed in this project extends Amdahl’s Law
with the following three extensions: near-threshold frequency
scaling, power model, and performance model. They are de-
scribed in sequence in the rest of this section.

4.1 Frequency Scaling

A couple of formula-based first-order approaches have been
proposed to model the frequency scaling when sweeping sup-
ply voltage, such as a-power law in [12] and unified tran-
sistor model in [11]. However, a-power law is only valid for
super-threshold scaling, where supply voltage is much higher
than threshold voltage; the unified transistor model requires
process-specific parameters and it is less accurate than real
simulation results. Therefore, this project exploits real cir-
cuit simulation, and derive analytic models by fitting results
from the simulations.

In order to model the core frequency, I simulate a single
inverter and a 32-bits adder. The simulation results show
a similar scaling trend between this two circuits. Hence,
the following analysis will be based on inverter if not men-
tioned.When it comes to the variation, the inverter circuit
is too simple to match the complexity of a processor core.
In this case, simulation results on adder will be used.

4.2 Power Modeling

Core power consumption comes from two major sources, dy-
namic power due to transistor switching and static power
due to leakage. Therefore, per-core power is given by

Ptotal = denamic + Pleakage (1)
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Figure 1: Circuits schematics

Generally speaking, dynamic power is given by
denamic = Ceff : ded : f (2)

where Cesr is the effective capacitance, Vyq is the supply
voltage, and f is the core running frequency. We assume
a constant effective capacitance during VFS in this project.
Therefore, dynamic power changes quadratically to supply
voltage and linearly to frequency. According to [2], the static
power of a system is given by

Reakage =Vaq- N - kdesign . fleak (3)

where Vg4 is the supply voltage, N is the number of transis-
tors, kdesign is a device-specific constant for a given transis-
tor, and fleak is the normalized per-transistor leakage cur-
rent. We assume the same leakage current for all transistors
in this project. Therefore, Ijeqk is identical to leakage cur-
rent of a single transistor. According to [11], the leakage
current of a single transistor is given by

Vqs _‘/t_'_nvds 7&
Ileak :IO].O S 1—e ‘/th

I

S=n-Vy-In10

where V; is the threshold voltage, n is the drain-induced
barrier lowering factor (DIBL), Vi is the thermal voltage,
and n is the process dependent constant. For simplicity,
we do not consider body-bias effect in this model, so V; is
only dependent on specific manufacturing process. The ther-
mal voltage at room temperature is around 28mV, which is
far less than the supply voltage of interest in this project,
therefore e V4s/Vt ~ (0. Because the transistor is at its static
state when considering the static leakage power, Vs and Vs
is roughly proportional to the supply voltage. As a result,
the above equation can be deducted to
Vad

Tiear o< 10 5icat (4)

where Sjeqr is the aggregate scaling coefficient derived from
fitting to the simulated results.

4.3 Performance Modeling
As for the aggregate throughput performance, we model it
with Amdahl’s Law as shown in Equation 5

Speedup = ﬁ (5)

Sserial "'Sparallel

where p is the parallel ratio of the studied workload, Sserial
is the serial part speedup over a baseline core, Sparallel 1S

the per-core speedup when the workload is run in parallel,
n is the number of active cores running in parallel. For
Sserial, only one core is utilized. For simplicity, we assume
the core runs at the highest frequency to achieve the best
single core performance, denoted as pf.. For parallel part,
both n and Sparanel are determined by supply voltage. By
applying VF'S, per-core frequency scales with supplying volt-
age, therefore per-core performance is a function of supply
voltage as pf(v). Additionally, per-core power changes with
supply voltage which is denoted as p(v). The number of ac-
tive cores is restricted by the budgets of power (P) and area
(A), which is given by

P A
= i _— 6
n(v) = min(_s, ) ©)
As a result, Equation 5 can be rewritten as
_ . /1=p p
spocdip =1 /1204l
pfo pfo

where pfo is the performance of a single baseline core.

5. ANALYSES AND RESULTS
5.1 Voltage-to-Frequency Scaling

Two process variants are plotted for voltage-to-frequency
scaling for each technology nodes. The results for 45nm is
shown in 2.
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Figure 2: Frequency-to-voltage scaling, inverter at
45nm

Since low-power process has a higher threshold voltage than
high performance process, circuits with low power process



reach the near-threshold operating region earlier than high
performance process, when scaling down supply voltage from
1.1V down to 300mV. As a result, circuits with low power
process has a much larger frequency loss than high perfor-
mance process with the same change in supply voltage. For
example, when scale down supply voltage from 800mV to
400mV, low power process suffers frequency loss by 400x
while high performance process only decreases by around
8x.

5.2 Performance Improvement via VFS

Each core in the symmetric multi-core system is capable
of scaling its supply voltage from 1.1 volts down to as low
as 0.3 volts. Area and power are the two primary design
constraints for such a system. Area determines the number
of cores available on a chip, while power confines the number
of active running cores.
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Figure 3: Performance scaling for in-order cores
(I0) under 45nm HKMGS technology, the system
has the TDP of 100W

Firstly, the power budget of the system holds. In Figure
3 corresponds to systems with the same power budget but
various area budgets. With a given power budget, speedup
curves are identical to overlap with each other in the up-
per range of voltages. This is because in such a voltage
region, per-core power is relatively large so that the number
of active cores is mainly constrained by the power budget.
Those speedup curves eventually reach their peak, and fur-
ther decrease in supply voltage hurts overall speedup. That
is because the system comes to the point where per-core
power is small enough to have all on-chip cores activated at
the same time. With further decrease in supply voltage, the
number of active cores does not increase any more, but per-
core performance is reduced due to the lower supply voltage.
Since the number of total on-chip cores is determined by the
chip area, different area budgets lead to different voltage of
speedup peak. Larger area permits a larger number of active
cores at peak performance point. Thus, a system with larger
area achieves better speedup. The only exception is when
the system area increases from 3200mm? to 6400mm?. In
this case, the system does not gain any increase in its best
achievable speedup with a larger area. It conveys the fact
that the increase in number of cores fails to overcome the
frequency drawback of lower voltage. Since increased area
does not introduce any performance gains, we call it “power
limited.”
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Figure 4: Performance scaling for in-order cores
(IO0) under 45nm HKMGS technology, the system
has the fixed area of 400mm?>

Secondly, the area budget of the system holds. In Figure 4,
each series has the same area budget but various power bud-
gets. Speedup curves have demonstrated similar escalate-
decline trends. Those speedup curves converge with each
other from their peak point towards the lowest supply volt-
age. Speedup curves converge at the upper section of volt-
age scaling spectrum. These convergences imply that the
speedup of a system running at a higher voltage is more
sensitive to its power budget, and the speedup of a system
running at a lower voltage is more sensitive to its area bud-
get. Moreover, in Figure 3, there is no such “area limited”
scenarios. A system with higher power budget always ends
up with higher optimal performance speedup. A system
scales down its supply voltage to the point where all on-chip
cores are active to reach its optimal speedup. Although the
number of active cores do not increase at that point with
a higher power budget, the surplus power can be used to
increase per-core frequency, and the overall speedup eventu-
ally benefits from per-core performance improvement.

5.3 Across Technology Studies
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nology nodes, the system has area of 400mm? and
power of 100W.

In the last section, a system exhibits its best performance
with supply voltage in between the maximum 1.1V and min-
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Figure 5: Impact of process variations, the system has

ending with ’var’ indicate the variation-aware results.

imum 300mV. In this section, I will focus on the optimal
supply voltage where a system achieves its best performance.
The optimal supply voltage is searched by comparing every
system configurations with different number of cores acti-
vated at the same time. For a given number of active cores,
the supply voltage is optimized to its maximum as long as
the system stays under the total power budget. The num-
ber of active cores with the best performance is plotted in
Figure 6. The plot shows an 2x increase in core numbers for
the most combinations of core types and process types. In
this case, the optimal core number is actually the maximum
number of cores under the area constraint, which, in other
words, the system is fully utilized when achieving its best
performance and completely eliminates dark silicon across
technology nodes.

Besides the utilization of the chip, I have also compared the
speedup of these system configurations, which is plotted in
Figure 7. In this plot, high performance process demonstrate
higher aggregate speedup comparing to its low power coun-
terpart. The speedup gap between the high performance
process and the low power process increases from around 2x
at 45nm to around 3x at 16nm. Such scaling trends suggest
high performance process a better candidate for future tech-
nology nodes if aggregate performance of the system is the
primary metric for chip designers.

5.4 Variation

As stated in Section 2, process variations play an important
role with near-threshold operations in both performance and
functionality. In this paper, we only consider the varia-
tion impact on performance, leaving the functionality for
future work. Since the system studied in this paper is on-
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chip multi-core, the global variation is consistent among all
cores. However, cores may suffer from local variations that
differs core to core. A single inverter becomes too simple
to model the complexity and various local variations of a
general-purpose processor core. As a result, a 32bits adder
is chosen for variation-aware studies in this section.

The impact on frequency at 45nm is plotted in Figure 8.
Frequencies drop down by up to 5x for high performance
process, and 10x for low power process. Such frequencies
slow down is more severe in future technology nodes, for ex-
ample, 10x and 100x slow down for 16nm, high performance
and lower power process, respectively. The increasing fre-
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Figure 8: Variation aware circuit simulation on
32bits adder at 45nm

quency drop-down has critical performance impact on the
whole system, as plotted in 5.

As for the number of active cores, only the high performance
process suffers from variation, experiencing the chip utiliza-
tion as low as 20% at 16nm. However, when it comes to the
performance metric, both high performance process and low
power process come up with performance slow down start-
ing from 32nm. The aggregate throughput is dictated by
the slowest core among all cores in the system, which tends
to be increasingly slowed in future technology node. While,
on the other hand, the power consumption roughly remains
the same, it limits how low the supply voltage can go for
future technology nodes. Putting it as a whole, the overall
throughput is significantly limited with future technology
nodes.

6. CONCLUSION

In terms of overall performance, the system with simple in-
order cores is better than the system with complex out-of-
order cores, and high performance process is actually better
than low power process. Lowering the supply voltage greatly
reduces the percentage of dark silicon on chip, delivering
higher aggregate throughput than dark system. However,
the process variation hurts the performance improvement
severely. In some cases, it is even slower than the dark
system. To wrap up into a conclusion, cores operating at
near-threshold voltage is effective in improving performance
and reducing dark silicon, only when a great effort has be
taken on controlling the negative effect of process variation.
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